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Abstract: The phosphorus (P) chemistry of biochar (BC)-amended soils is poorly understood. This 
statement is based on the lack of published research attempting a comprehensive characterization 
of biochar’s influence on P sorption. Therefore, this study addressed the kinetic limitations of these 
processes. This was accomplished using a fast pyrolysis biochar made from a mix of waste materials 
applied to a highly weathered Latossolo Vermelho distrofico (Oxisol) from São Paulo, Brazil. 
Standard method (batch method) was used. The sorption kinetic studies indicated that P sorption 
in both cases, soil (S) and soil-biochar (SBC), had a relatively fast initial reaction between 0 to 5 min. 
This may have happened because adding biochar to the soil decreased P sorption capacity 
compared to the mineral soil alone. Presumably, this is a result of: (i) Inorganic phosphorus 
desorbed from biochar was resorbed onto the mineral soil; (ii) charcoal particles physically covered 
P sorption locations on soil; or (iii) the pH increased when BC was added SBC and the soil surface 
became more negatively charged, thus increasing anion repulsion and decreasing P sorption. 
Keywords: fast pyrolysis; batch method; P retention 
 
1. Introduction 
More than 3 billion people live in the tropics, which was larger than the world’s 
population in 1950 [1]. They rely on the soil to provide food, fiber, and bioenergy. Of the 
134 million hectares in humid, tropical South America that are potentially arable, 73 
million are located in Brazil [1]. The majority of these acres suffers from some level of 
phosphorus (P) deficiency due to low native soil P content and high P fixation capacity 
[2]. Therefore, soil P management is fundamental to sustainable agriculture and the health 
and welfare of millions. 
The weathered nature of tropical soils promotes P fixation by Fe and Al oxides which, 
when chemisorbed to the soil, are not easily released by simple equilibrium desorption 
[3]. This makes soil P fertilization both inefficient and expensive since large quantities of 
P are required to overcome the soils’ potential to sequester it. The soil management 
techniques currently used to make fertilizer P more bioavailable either satisfy the P 
fixation capacity of a soil or prevent soil P fixation. These include applying inorganic P in 
the planting hole in order to fill the fixation sites in a small soil volume near the roots or 
using organic matter where the organic matter competition for sorption sites prevents P 
fixation [4]. 
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These soil management techniques control P sorption and desorption mechanisms 
while reducing the cost of inputs. Once P enters the soil system it chemically reacts with 
the soil surface and eventually reaches an equilibrium or quasi-equilibrium. What 
happens to P on its way to an equilibrium soil solution concentration is described by the 
kinetic path of the reaction(s). Likewise, for P on the solid phase to become bioavailable, 
it must be released from the solid phase while again seeking an equilibrium or quasi-
equilibrium with the soil solution. Maybe this state is reached in a system defined by a 
dynamic biology of microorganisms and plant roots, but certainly it routes toward that 
state in the kinetic path. The speed kinetics of these reactions that determine the soil 
solution concentration can affect P bioavailability [5]. However, there are restricted data 
on the kinetics of these processes in tropical soils which, if more fully understood, could 
lead to better management of soil solution concentrations. 
While a relatively low, but highly buffered, soil P solution concentration is sufficient 
to meet the needs of many plants, a high soil P fixing capacity combined with fast sorption 
kinetics and slow desorption kinetics would be an impediment for adequate solution 
concentrations to be maintained. [5] suggested that soil solution concentrations that 
provide adequate P bioavailability range from 0.2 to 10 μM, depending on crop type. This 
conclusion was partially based on work by [6] and [7] who reported adequate 
concentrations of 0.2 uM for cassava (Manihot esculenta Crantz.) to 10 uM for lettuce 
(Lactuca sp.), with intermediate values for peanuts (Arachis hypogaea L.), cabbage (Brassica 
oleracea), corn (Zea Mays), sorghum (Sorghum sp.), soybean (Glycine max), and tomato 
(Solanum lycopersicum).  
Biochar (BC), a product resulting from the pyrolysis of organic materials, is a soil 
amendment that affects P bioavailability [8-10]. Under limited circumstances it can be a 
source of inorganic P [11-13] and it retains nutrients while improving soil physical, 
chemical, and biological properties [9, 14, 15]. 
A key physical feature of most BCs is their highly porous structure and large surface 
area. This structure can provide refugia for beneficial soil micro-organisms such as 
mycorrhizae and bacteria, while also influencing the kinetics of the sorption and 
desorption reactions of important plant nutritive cations and anions. The pore structure 
should affect the importance of diffusion from the pores to both sorption and desorption 
reactions. Biochar pyrolysis concentrates nutrients like P, making them more bioavailable 
and a source for plant uptake [11].  
Biochar application to soils affects P complexation with metals (Al3+, Fe3+, and Ca2+), 
which determine P sorption and desorption reactions [11, 16]. Biochar could promote 
delayed P sorption or precipitation, hence influencing the kinetics of these reactions. 
Sorption of organic molecules onto BC surfaces reduces the chelation of Al3+, Fe3+, and Ca2+ 
in soil [17] enhancing P desorbability [18] and possibly changing P desorption kinetics. 
The capacity of BC to influence soil P sorption and desorption kinetics is not well 
understood, yet the literature suggests a potential influence.  
Thereby, agricultural practices have to be applied aimed to decrease phosphorus 
sorption in tropical soils. Our specific objective in this study was to investigate the role 
that BC has on the kinetics of P sorption in a soil/BC complex. Our hypotheses were that 
(1) BC reduces P sorption onto soil due to the covering of potential sorption sites and the 
role that diffusion may play due to the high porosity of the BC; and (2) during the kinetics 
of sorption in the presence of BC, the soil solution P concentrations remain higher, which 
would make P more bioavailable for a longer period of time. 
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2. Material and Methods  
2.1. Biochar Formation and Characterization  
The fast pyrolysis BC was developed from a sequence of three distinct BCs produced 
by sawdust of mixed woods and leaves of elephant grass (Pennisetum purpureum 
Schumach) and sugar cane (Saccharum officinarum). The three BCs were combined in a 1:1:1 
ratio. Each of these three BCs was the by-product of bio-oil extraction created in a 
fluidized bed reactor (200 kg h−1 capacity) produced by Bioware (Biotechnology company 
in Campinas, State of São Paulo, Brazil). The procedure was done in a controlled 
temperature from 450 to 500 °C, under 120 to 250 mm of H2O pressure for about 8 s in an 
ambience of 10% air.  
The BC’s water-soluble nutrients (P, Ca, Mg, K and Na) were determined by 
sequential water extractions. Twenty grams of the combined BC were mixed through 350 
mL of deionized water and shaken for 24 h. The supernatant was filtrated, and the 
procedure was performed for 30 times. The atomic absorption spectroscopy was used to 
quantify Ca, Mg, and K in the supernatant. To measure inorganic P, [19] method was used. 
The dissolved organic carbon (DOC) was measured using a TOC-Analyzer (Shimadzu 
TOC-VCPH; Columbia MD, USA). Porosity and specific surface area were measured with 
a Micromeritics ASAP 2021 analyzer sorptometer (Norcross, GA, USA). Microstructure 
and surface topography was photographed by scanning electron microscopy (515-Philips, 
Eindhoven, Holland) with a magnification of 42–2000 times and resolution of 3–100 nm 
(Verhoeven, 1986). The functional groups on the BC surface were analyzed by the method 
of [20] 
According to [21], a few other methods of determining total N [22], pH in water 
(1:2.5); organic C (volumetric oxidation method), total Ca, Mg, Cu, Fe, Mn, and Zn 
(extraction by nitric-perchloric acid solution and determined by atomic absorption 
spectrometry), total K and Na (extraction with nitric-perchloric acid solution and 
determination by flame photometry), total S (extraction with nitric-perchloric acid 
solution and determination by photocolorimetry), and the total P (digestion with sulfuric 
acid and peroxide) were used. 
2.2. Soil Collection and Preparation 
The study was carried out on a research field in the Fazenda Lageado at the State 
University of São Paulo in Botucatu, in the state of São Paulo, Brazil (between coordinates: 
22°51” S, 48°26” W; elevation of 786 m above sea level.). The soil type used was a Latossolo 
Vermelho distrofico (Brazilian Soil Taxonomic System; or a Typic Kandiudult in the U.S. 
System or Oxisol for WRB) degraded by laminar erosion of elimination of 20 cm of the 
surface when the cultivation was started. The climate of the region is classified as type 
Cwa (Monsoon-influenced humid subtropical climate), according to the Köppen–Geiger’s 
classification, with rainy periods between October and April and dry ones between May 
and September. The rainfall and temperature averages are 1500 mm/yr and 21.4 °C. 
Soil samples were collected at a 30–50-cm depth, air-dried, sieved through a 2 mm 
screen, and characterized by standard methods (Table 1). The soil surface was removed 
to avoid contamination from organic matter surface. The chemical properties (Table 1) 
was determined [23], showing the following: pH in CaCl2 (0.01 M) (1:2.5); total acidity (H 
+ Al) by SMP (Shoemaker-McLean-Pratt) buffer solution (pH 7.0); P, Mg, Ca, and K 
extraction by “exchangeable ions resin” and quantified by photocolorimetry, K, Ca, and 
Mg by atomic absorption; exchangeable Al by extraction with 1 M KCl; organic C by the 
volumetric oxidation method with K2Cr2O7 and titration with ammonium ferrous 
sulphate; B extraction by hot water and determined by photocolorimetry by azometine-H 
method; Cu, Fe, Mn, and Zn extraction using DTPA (diethylentriaminepentaacetic acid) 
solution (pH 7.3) and determination by spectrometry of atomic absorption; the potential 
acidity (H + Al), exchangeable bases, and exchangeable Al were used to calculate the total 
cation exchange capacity (CEC) and effective cation exchange capacity (CECe). 
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Table 1. Chemical properties of the tropical weathered soil and the fast pyrolysis biochar 
Soil Chemical Properties 
pH Ca Mg K Al H+Al CEC P Zn Fe Mn B Cu OM 
CaCl2 mmolc kg−1 mg kg−1 g kg−1 
4.1 3 1 1 11 67 71 6 0.1 58 1 0.1 1 16 
Soil/BC Mixture Chemical Properties 
8.0 70 13 41 0 7 132 60 0.8 16 7 5 0.4 27 
Fast Biochar Chemical Properties 
N P K OM C C/N Ca Mg S Na Cu Fe Mn Zn 
g kg−1(dry weight) mg kg–1 (dry weight) 
06 1.48 16 550 310 48 21 2 190 580 22 4500 264 42 
Source: Morales et al. 2013. [11] 
The samples of the soil were incubated for 240 days under greenhouse conditions. 
Additionally, completely randomized design was used and designed with three replica-
tions of three treatments. The treatments consisted of the following three substrates: Soil 
alone (S), biochar alone (BC), and soil/BC mixture (SBC) combined (26% by weight or 35% 
by volume). The biochar used came from a study investigating the formation of biochar 
soils under long-term occupation of native Amerindians of South America. High levels 
are found in those soils [24], and have been used in other studies [25-27]. Pots were placed 
in a greenhouse at an average day temperature of 22 °C, under field capacity of the soil 
contained in the pots. Samples were air-dried after 240 days in the laboratory and sieved 
through a 2-mm mesh. 
Chemical analysis of the soil and soil/BC mixture (Table 1) was carried out [23] to 
determine: pH in CaCl2 (0,01 mol L−1) (1:2.5); total acidity (H+Al) by SMP buffer solution 
(pH 7.0); and P, Mg, Ca, K, and DOC by extraction with exchangeable ions resin then 
quantified by photocolorimetry. Exchangeable Al was determined by extraction with 1 
mol L−1 of KCl, while organic C was by the volumetric oxidation method with K2Cr2O7 
and titration with ammonium ferrous sulfate. Boron was extracted with hot water and 
determined by photocolorimetry using the azometine-H method, and Cu, Fe, Mn, and Zn 
was analyzed with extraction by DTPA solution (pH 7.3) and atomic absorption spectrom-
etry. The cation exchange capacity (CECe) and total cation exchange capacity (CEC) were 
determined by the extraction of exchangeable bases and exchangeable Al. 
2.3. Sorption Studies 
The P sorption kinetic study was carried out using two-gram samples of S, SBC, and 
BC, in triplicate placed in 50-mL centrifuge tubes and gently shaken at 96 cycles min−1 for 
0.1, 0.2, 0.3, 0.5, 1, 1.5, 2, 3,6, 12, 24, 48, 72, and 96 h with 20 mL of solution containing 400 
mg P kg−1 of soil. This amount of P is also often found in Terra Preta de Índio [28]. Upon 
removal from the shaker, the tubes were centrifuged for 10 min at 2000 rpm and the su-
pernatant was removed and filtered through 0.45-μm filter paper. The solution concen-
tration of P in the supernatant was measured colorimetrically [19]. 
2.4. Statistical Methods 
Data were analyzed by fitting sorption curves to each treatment and were regressed 
against natural logarithms of time to estimate the P sorption (mg kg−1). The linear model 
as selected for the treatments, and the model coefficients were compared for their equality. 
To this purpose, we used the likelihood ratio test with accuracy given by the chi-square 
(χ2) statistic [29]. This method involves the addition of two independent variables, D1 and 
D2, in order to calculate the maximum likelihood estimates of the parameters under no 
restrictions in the parametric space representing the complete model and under restriction 
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in the reduced model. The complete model was adjusted under no restrictions and the 
reduced model was adjusted with respect to restrictions defined in H0. 
3. Results and Discussion 
3.1. Biochar and Soil/BC Mixture Characteristics 
The BC specific surface area (reactive surface area per unit weight of soil) was 9 m2 
g−1. The BC morphology was diverse due to it being a mixture of three different biochars—
sawdust of mixed woods, elephant grass, and sugar cane leaves (Figure 1). Total porosity 
was 0.0112 cm−3 g−1 with an average pore size of approximately 200 μm. The particle sur-
face texture was irregular, with micropores (<20 A) accounting for 87% of the total poros-
ity, while mesopores (between 20 to 500 Å) were 13%. Macropores were lacking.  
 
Figure 1. Scanning electron micrograph images for the three different types of particles that com-
posed the fast pyrolysis biochar, expanded 600 times (left) and 2000 times (right). 
These properties are related to the BC’s capacity to sorb nutrients and to serve as 
microsites for soil microorganisms [30]. In addition, slow P adsorption increased with spe-
cific surface area, micro and meso-porosity, and ferrihydrite impurities [31]. BC functional 
surface groups with the potential to influence sorption reactions were composed of phe-
nolics (80%), carboxylics (17%), and lactones (3%). Cumulative water extractable Ca, Mg, 
K, and Na totaled 5835, 1014, 19,713, and 5.835 mg kg−1 (Figure 2a), and dissolved organic 
Carbon (DOC) equaled 23.9 g kg−1. BC was 62% ash with a pH of 9.8. The initial high 
electrical conductivity of the BC rapidly decreased as it was sequentially leached with 
water, while the BC pH remained relatively high after an initial decrease (Figure 2b).  










Figure 2. (a) Electrical conductivity and pH water extractable (b) salts released (Ca, Mg, K, and Na) from fast pyrolysis 
biochar. 
Caution should be taken when applying high rates of BC because of its liming effect, 
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4.1 to 8.1. The soil pH affects mechanisms of P fixation. For instance, pH at 4.1 chemical 
fixation occurs by soluble Fe and Al, when the dominate form of phosphate is H2PO4-, and 
for 8.1 the fixation is mostly as calcium-phosphate when it is HPO4−2 [32]. 
This BC P fertilizer potential is based on it having a total P value equal to 1484 mg 
kg−1 (0.148% P) which would require over 20 metric t ha−1 to provide 30 kg total P ha−1. 
With inorganic P (Pi) being 61% of total P (909 mg kg−1) that amount increases to 33 metric 
t ha−1 (Figure 3).  
 
Figure 3. Water extractable P from fast pyrolysis biochar. 
The Pi content was mainly due to high P concentration of the BC ash [13], and it can 
be desorbed from biochar fast and continue slowly (Figure 4). In contrast, [33], working 
with BC made from herbaceous species over a pyrolysis temperature range of 220 to 550 
°C found water-soluble P to be from 20% to 80% of total P depending on whether the 



























Figure 4. Kinetics of P sorption behavior in fast pyrolysis biochar (BC). 
Our data fall within the range described. When plant tissue was warmed, organic C 
volatilized at around 100 °C. Phosphorus did not volatilize up to 700 °C [34, 35]. Thus, all 
of the P remained in the solid phase and much was converted to inorganic which became 
water soluble.  
In treatment of soil by itself, the P content was 6.0 mg kg−1 (Table 1). Low P content 
was expected in these weathered, acid soils where most P is strongly bounded to hydrox-
ides and oxides of Fe, Al, and Mn [36]. When BC was added to soil, its content rose to 60 
mg kg−1 (Table 1) or approximately equivalent to 123 kg P ha−1. Other studies also sug-
gested enhanced P availability in a BC amended soil, which could result in crop produc-
tion [37].  
Incorporation of organic materials into soils effect soil P sorption. In most cases, these 
effects are attributed to the introduction of DOC [38]. The DOC attributed to the addition 
of BC was 23.9 g kg−1, giving this material in this soil the distinct potential to decrease P 
sorption as DOC competes for sorption sites, making P bioavailable. 
3.2. Sorption Kinetics 
Chemical reactions naturally tend towards equilibrium; the same is true for the P in 
soil and P in SBC system. This happens when the reaction rate between Pi and soil exceeds 
the reaction rate between soil and Pi, becoming equal, reaching the equilibrium condition 
[39]. For the P in soil, the equilibrium condition was reached at 12 h and for the P in the 
SBC system at 48 h (Figure 5a). 
Phosphorus sorption in both cases, S and SBC, had a relatively fast initial reaction 
that took place between the initial 0 to 30 min for SBC, 0 to 1 h to SBC minus BC (SBC−BC), 
and 0 to 1.5 h to S. This was followed by a slower sorption reaction (Figure 5b). Probably 
because P is initially sorbed onto charged external surfaces of soil system during the pe-
riod of fast P sorption and then diffuses into the BC particles, where slow and constant 
sorption takes place. 
Brazilian tropical Latosol soils are characterized by a high-level P-fixing capacity that 
is relative to their clay content [40].  





































Figure 5. (a) Soil solution concentration in a Latossolo Vermelho distrofico (Brazilian Soil Taxonomic System; or a Typic 
Kandiudult in the U.S. System); (b) sorption kinetics in a Latossolo Vermelho distrofico (Brazilian Soil Taxonomic System; 
or a Typic Kandiudult in the U.S. System). Soil = S, soil/BC mixture = SBC, and SBC minus BC = SBC−BC. The area outlined 
by a dotted rectangle indicates the zone where the reaction appears to become linear. 
P sorption between S, SBC, and SBC−BC was different under the P sorption (p = 0.00) 
and times (p = 0.0082) until 12 h. In addition, the P sorption soil and BC effect on SBC was 
differentiated, under the times up to 12 h, but soil sorption and SBC−BC had the same 
behavior (Figure 5b).  
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Sorption has been described as a two-step mechanism: (i) Moieties in an SBC system 
sorb to external surface sites and rapidly balance with the surrounding solution [41, 42]; 
(ii) then these moieties slowly diffuse to interior sites [43]. In other words, the effect of 
adding BC to soil should be to decrease the affinity of P to the soil’s Fe-oxides and increase 
soil solution concentrations, thus enhancing P bioavailability [18].  
The Le Chatelier’s principle corroborates with this statement, if a system in equilib-
rium (S) is subjected to a “perturbation” (SBC), in this case addition of Pi and OM by BC, 
which changes any factor (bioavailability of Pi, sorption sites, and pH) that determines 
the steady state, the system will react by minimizing the disturbance effect (SBC−BC) (Fig-
ure 5b) after 12 h of S and SBC−BC presenting the same behavior.  
The P sorption rate was equal for the SBC complex and S by itself: Both depended on 
the amount of soil surface, and the reaction between soil and phosphate involved more 
than one step, ultimately being controlled by the slower reaction (Figure 6). When com-
paring S and SBC, the sorption-limiting step appeared to occur after the “initial sorption” 
step. The reactions in both cases were fast at the first and then became slower and tended 
to continue; only the sorption capacity was different. This suggested that SBC mixture did 
indeed differ in the kind of adsorbing surface present (Figure 1) and not only on the 
amount of site surface (Barrow, 1983) or the amount of P in the BC. 
 
Figure 6. Phosphorus sorption ratio of soil and soil/BC mixture. 
The Boehm titration results corroborated with this statement, showing an increase of 
63%, 14%, and 43% in carboxyl, lactone, and phenol functional groups with biochar addi-
tion. In addition, these results were consistent with those of [44] and [13], who found that 
incorporating biochar with an acid soil increased the equilibrium solution P concentration.  
 In other words, adding biochar to soil decreased soil P sorption compared to the 
mineral soil alone. Three separate hypotheses have been used to explain similar results: 
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soil; (ii) charcoal particles physically covered P sorption locations on the soil (Figure 1); 
(iii) the pH increased when BC was added SBC and the soil surface became more nega-
tively charged, thus increasing anion repulsion and decreasing P sorption [11, 13, 32, 45, 
46] 
4. Conclusions 
The kinetics of sorption in the presence of BC showed that the soil solution P concen-
trations remained higher, which made P more bioavailable for a longer period of time. 
The BC reduced P sorption onto soil due to: (i) BC covering the potential P sorption sites, 
(ii) BC desorbing inorganic phosphorus that was resorbed onto the mineral soil, and (iii) 
BC increasing soil pH and the soil surface becoming more negatively charged. Biochar can 
be an alternative for P management in tropical soils. 
Author Contributions: Conceptualization, M.M.M., N.B.C., and I.A.G.; methodology, M.M.M., 
N.B.C., and I.A.G.; administration of a research grant, I.A.G.; preparation, M.M.M.; data collection, 
M.M.M.; analysis, M.M.M., and N.B.C.; investigation, M.M.M., N.B.C., and I.A.G.; resources, 
M.M.M., N.B.C., and I.A.G.; writing - original draft preparation, M.M.M., and N.B.C.; writing - re-
view and editing, M.M.M., M.B., N.B.C., and D.C.A.; visualization, M.M.M., M.B., N.B.C., and 
D.C.A.; supervision, I.A.G.; project administration, I.A.G.; funding acquisition, I.A.G. and D.C.A. 
All authors have read and agreed to the published version of the manuscript. 
Funding: This research was financially supported by Coordenação de Aperfeiçoamento de Pessoal 
de Nível Superior (CAPES), Instituto de Ciências Agrárias e Ambientais (ICAA), and Serviço 
Nacional de Aprendizagem Rural de Mato Grosso (SENAR-MT). 
Institutional Review Board Statement: Not applicable. 
Informed Consent Statement: Informed consent was obtained from all subjects involved in the 
study. 
Data Availability Statement: Not applicable. 
Acknowledgments: Special thanks the SENAR-MT and ICAA at the Universidade Federal de Mato 
Grosso, for the support and incentive for the publication of this study. 
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the 
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-
script, or in the decision to publish the results. 
References 
1. FAO. Fao Statistical Yearbook 2014: Latin America and the Caribbean Food and Agriculture; FAO: Santiago, Chile, 2014. 
2. Baligar, V.C.; Fageria, N.K.; Eswaran, H.; Wilson, M.J.; He, Z. Nature and properties of red soils of the world. In The Red Soils of 
China; Wilson, M.J., He, Z., Yang, X., Eds.; Springer: Dordrecht, The Netherlands, 2004; pp. 7–27. 
3. Sato, S.; Comerford, N.B. Organic anions and phosphorus desorption and bioavailability in a humid Brazilian ultisol. Soil Sci. 
2006, 171, 695–705, doi:10.1097/01.ss.0000228043.10765.79. 
4. Gonçalves, J.L.d.M.; Firme, D.J.; Novais, R.F.; Ribeiro, A.C. Cinética de adsorção de fósforo em solos de cerrado. Rev. Bras. 
Ciência Solo 1985, 9, 107–111. 
5. Smethurst, P.J. Soil solution and other soil analyses as indicators of nutrient supply: A review. For. Ecol. Manag. 2000, 138, 397–
411, doi:10.1016/s0378-1127(00)00426-6. 
6. Fox, R.L. External phosphorus requirements of Crops1. In Chemistry in the Soil Environment; Dowdy, R.H., Ed.; American Society 
of Agronomy and Soil Science Society of America: Madison, WI, USA, 1981; pp. 223–239. 
7. Mendham, D.S. Predicting Phosphorus Limitations in Eucalyptus Plantations. Ph.D. Thesis, University of Tasmania, Sandy Bay, 
Tasmania, 1998, 234. 
8. Golchin, A.; Clarke, P.; Baldock, J.A.; Higashi, T.; Skjemstad, J.O.; Oades, J.M. The effects of vegetation and burning on the 
chemical composition of soil organic matter in a volcanic ash soil as shown by C-13 NMR spectroscopy .1. Whole soil and humic 
acid fraction. Geoderma 1997, 76, 155–174, doi:10.1016/s0016-7061(96)00104-8. 
9. Lehmann, J.; da Silva, J.P.; Steiner, C.; Nehls, T.; Zech, W.; Glaser, B. Nutrient availability and leaching in an archaeological 
Anthrosol and a Ferralsol of the Central Amazon basin: Fertilizer, manure and charcoal amendments. Plant Soil 2003, 249, 343–
357, doi:10.1023/a:1022833116184. 
Agriculture 2021, 11, 295 12 of 13 
 
 
10. Steiner, C.; Teixeira, W.G.; Lehmann, J.; Nehls, T.; de Macedo, J.L.V.; Blum, W.E.H.; Zech, W. Long term effects of manure, 
charcoal and mineral fertilization on crop production and fertility on a highly weathered Central Amazonian upland soil. Plant 
Soil 2007, 291, 275–290, doi:10.1007/s11104-007-9193-9. 
11. Morales, M.M.; Comerford, N.; Guerrini, I.A.; Falcao, N.P.S.; Reeves, J.B. Sorption and desorption of phosphate on biochar and 
biochar-soil mixtures. Soil Use Manag. 2013, 29, 306–314, doi:10.1111/sum.12047. 
12. Parvage, M.M.; Ulén, B.; Eriksson, J.; Strock, J.; Kirchmann, H. Phosphorus availability in soils amended with wheat residue 
char. Biol. Fertil. Soils 2013, 49, 245–250. doi:10.1007/s00374-012-0746-6.  
13. Zhai, L.; CaiJi, Z.; Liu, J.; Wang, H.; Ren, T.; Gai, X.; Hi, B.; Liu, H. Short-term effects of maize residue biochar on phosphorus 
availability in two soils with different phosphorus sorption capacities. Biol. Fertil. Soils 2015, 51, 113–122, doi:10.1007/s00374-
014-0954-3. 
14. Glaser, B.; Haumaier, L.; Guggenberger, G.; Zech, W. The ‘Terra Preta’ phenomenon: A model for sustainable agriculture in the 
humid tropics. Naturwissenschaften 2001, 88, 37–41, doi:10.1007/s001140000193. 
15. Lehmann, J.; Rondon, M. Bio-char soil management on highly weathered soils in the humid tropics. Biol. Approaches Sustain. 
Soil Syst. 2006, 113, 517–530. 
16. Wang, T.; Camps-Arbestain, M.; Hedley, M.; Bishop, P. Predicting phosphorus bioavailability from high-ash biochars. Plant Soil 
2012, 357, 173–187, doi:10.1007/s11104-012-1131-9. 
17. Nelson, N.O.; Agudelo, S.C.; Yuan, W.; Gan, J. Nitrogen and phosphorus availability in biochar-amended soils. Soil Sci. 2011, 
176, 218–226, doi:10.1097/SS.0b013e3182171eac. 
18. Cui, H.-J.; Wang, M.K.; Fu, M.-L.; Ci, E. Enhancing phosphorus availability in phosphorus-fertilized zones by reducing phos-
phate adsorbed on ferrihydrite using rice straw-derived biochar. J. Soils Sediments 2011, 11, 1135–1141, doi:10.1007/s11368-011-
0405-9. 
19. Murphy, J.; Riley, J.P. A modified single solution method for determination of phosphate in natural waters. Anal. Chim. Acta 
1962, 26, 31–36. 
20. Boehm, H.P. Some aspects of the surface-chemistry of carbon-blacks and other carbons. Carbon 1994, 32, 759–769, 
doi:10.1016/0008-6223(94)90031-0. 
21. Ministério da Agricultura, Pecuária e Abastecimento. (Ed.) Normative Instruction n. 28. Manual de Métodos Analíticos Oficiais para 
Fertilizantes Min-erais, Orgânicos, Organominerais e Corretivos; 28. Brasília, DF, 31, jul, Diário Oficial da União: Brasília, Brazil, 
2007; p. 11. 
22. Bremner, J.M.; Mulvaney, C.S. Nitrogen—Total. In Methods of Soil Analysis. Part 2. Chemical and Microbiological Properties; Page, 
A.L., Ed.; American Society of Agronomy, Soil Science Society of America: Madison, WI, USA, 1982; pp. 595–624. 
23. Raij, B.V.; Cantarella, H.; Quaggio, J.A.; Furlani, A.M.C.E. Recomendações de Adubação e Calagem Para o Estado de São Paulo, 2nd 
ed.; Instituto Agronomico: Campinas, Brasil, 1996. 
24. Glaser, B.; Balashov, E.; Haumaier, L.; Guggenberger, G.; Zech, W. Black carbon in density fractions of anthropogenic soils of 
the Brazilian Amazon region. Org. Geochem. 2000, 31, 669–678, doi:10.1016/s0146-6380(00)00044-9. 
25. Brockhoff, S.R.; Christians, N.E.; Killorn, R.J.; Horton, R.; Davis, D.D. Physical and mineral-nutrition properties of sand-based 
turfgrass root zones amended with biochar. Agron. J. 2010, 102, 1627–1631, doi:10.2134/agronj2010.0188. 
26. Pereira, R.G.; Heinemann, A.B.; Madari, B.E.; de Melo Carvalho, M.T.; Kliemann, H.J.; dos Santos, A.P. Transpiration response 
of upland rice to water deficit changed by different levels of eucalyptus biochar. Pesqui. Agropecu. Bras. 2012, 47, 716–721. 
27. Tryon, E.H. Effect of charcoal on certain physical, chemical, and biological properties of forest soils. Ecol. Monogr. 1948, 18, 81–
115, doi:10.2307/1948629. 
28. Falcão, N.P.S.; Moreira, A.; Comerford, N.B. A fertilidade dos solos de Terra Preta de Índio da Amazônia Central. In As Terras 
Pretas de Índio da Amazônia: Sua Caracterização e Uso Deste Conhecimento na Criação de Novas Áreas, 1st ed.; Teixeira, W.G., Kern, 
D.C., Madari, B.E., Lima, H.N., Woods, W., Eds.; Embrapa Amazônia Ocidental: Manaus. Brazil, 2010; pp. 189–200. 
29. Regazzi, A.J.; Silva, C.H.O. Testes para verificar a igualdade de parâmetros e a identidade de modelos de regressão não-linear 
em dados de experimento com delineamento em blocos casualizados. Rev. Ceres 2010, 57, 315–320. 
30. Gray, D.M.; Dighton, J. Mineralization of forest litter nutrients by heat and combustion. Soil Biol. Biochem. 2006, 38, 1469–1477, 
doi:10.1016/j.soilbio.2005.11.003. 
31. Strauss, R.; Brummer, G.W.; Barrow, N.J. Effects of crystallinity of goethite .1. Preparation and properties of goethites of 
differing crystallinity. Eur. J. Soil Sci. 1997, 48, 87–99. doi:10.1111/j.1365-2389.1997.tb00188.x.  
32. Penn, C.J.; Camberato, J.J. A critical review on soil chemical processes that control how soil pH affects phosphorus availability 
to plants. Agriculture 2019, 9, 120. doi: 10.3390/agriculture9060120. 
33. Hogue, B.A.; Inglett, P.W. Nutrient release from combustion residues of two contrasting herbaceous vegetation types. Sci. Total 
Environ. 2012, 431, 9–19, doi:10.1016/j.scitotenv.2012.04.074. 
34. DeLuca, T.H.; MacKenzie, M.D.; Gundale, M.J. Biochar effects on soil nutrient transformation. In Biochar for Environmental Man-
agement: Science and Technology; Lehmann, J., Joseph, S., Eds.; Earthscan: London, UK, 2009; pp. 251–270. 
35. Raison, R.J.; Khanna, P.K.; Woods, P.V. Mechanisms of element transfer to the atmosphere during vegetation fires. Can. J. For. 
Res. -Rev. Can. Rech. For. 1985, 15, 132–140, doi:10.1139/x85-022. 
36. Brady, N.C.; Weil, R.R. The Nature and Properties of Soils; Pearson Prentice Hall: Upper Saddle River, NJ, USA, 2008 
37. Schneider, F.; Haderlein, S.B. Potential effects of biochar on the availability of phosphorus—Mechanistic insights. Geoderma 
2016, 277, 83–90, doi:10.1016/j.geoderma.2016.05.007. 
Agriculture 2021, 11, 295 13 of 13 
 
 
38. Weng, L.P.; Van Riemsdijk, W.H.; Hiemstra, T. Humic nanoparticles at the oxide-water interface: Interactions with phosphate 
ion adsorption. Environ. Sci. Technol. 2008, 42, 8747–8752, doi:10.1021/es801631d. 
39. Mahan, B.M.; Myer, R.J. Química um Curso Universitário; Edgard Blücher: São Paulo, Brazil, 2002, pp. 5. 
40. Barros, N.F.; Filho; Comerford, N.B. Phosphorus sorption, desorption and resorption by soils of the Brazilian Cerrado support-
ing eucalypt. Biomass Bioenergy 2005, 28, 229–236, doi:10.1016/j.biombioe.2004.08.005. 
41. Hachiya, K.; Sasaki, M.; Saruta, Y.; Mikami, N.; Yasunaga, T. Static and kinetic-studies of adsorption desorption of metal-ions 
on a gamma-al2o3 surface. 1. Static study of adsorption desorption. J. Phys. Chem. 1984, 88, 23–27, doi:10.1021/j150645a007. 
42. Strauss, R.; Brummer, G.W.; Barrow, N.J. Effects of crystallinity of goethite. 2. Rates of sorption and desorption of phosphate. 
Eur. J. Soil Sci. 1997, 48, 101–114, doi:10.1111/j.1365-2389.1997.tb00189.x. 
43. Papelis, C.; Roberts, P.V.; Leckie, J.O. Modeling the rate of cadmium and selenite adsorption on microporous and mesoporous 
transition aluminas. Environ. Sci. Technol. 1995, 29, 1099–1108, doi:10.1021/es00004a032. 
44. Chintala, R.; Schumacher, T.E.; McDonald, L.M.; Clay, D.E.; Malo, D.D.; Papiernik, S.K.; Clay, S.A.; Julson, J.L. Phosphorus 
sorption and availability from biochars and soil/biochar mixtures. Clean-Soil Air Water 2014, 42, 626–634, 
doi:10.1002/clen.201300089. 
45. Murphy, P.N.C.; Stevens, R.J. Lime and gypsum as source measures to decrease phosphorus loss from soils to water. Water Air 
Soil Pollut. 2010, 212, 101–111, doi:10.1007/s11270-010-0325-0. 
46. Xu, G.; Sun, J.; Shao, H.; Chang, S.X. Biochar had effects on phosphorus sorption and desorption in three soils with differing 
acidity. Ecol. Eng. 2014, 62, 54–60, doi:10.1016/j.ecoleng.2013.10.027. 
